Introduction
In recent years, in addition to the capture and storage technology [1] [2] [3] [4] [5] [6] [7] , the recycling technology for CO2, a major greenhouse gas, has attracted considerable interest. A promising route for relieving the greenhouse effect is to convert CO2 into CO, which has been widely investigated in the recycling technology. Subsequently, the converted CO could hydrogenate to organic chemicals such as methanol, or could be used directly in fuel cells or internal-combustion energies [8] [9] [10] [11] [12] . During the whole process, catalysts that promote the dissociation of CO2 to CO play an important role in the recycling technology. Therefore, high efficient catalysts are urgent to be developed for the conversion of CO2 into CO.
The catalytic activation of CO2 by bulk transition metals (TM), especially Fe, Co, Ni, Cu, Au, Ru and Rh, has been broadly studied both experimentally and theoretically [13] [14] [15] [16] [17] [18] [19] [20] [21] . More recently, many studies have implied that nanoclusters possess excellent catalytic properties which are distinct from those of bulk metals possess. For instance, by providing a suitable adsorption region, a double icosahedral Ru19 nanocluster can significantly improve the CO2 adsorption strength compared to the surface case, which further enhance the catalytic capability by lowering the energy barrier of CO2 dissociation [20] . In addition, Chang and Ho [19] mentioned that the Rh(111) surface might be unable to adsorb a CO2 molecule; however, free Rh13-Ih nanocluster and unzipped graphene oxide-supported Rh13 nanocluster can adsorb CO2 with the adsorption energies of -0.76 and -1.18 eV and break the corresponding C-O bond with the energy barriers of 0.83 and 0.45 eV.
Moreover, Co has been experimentally confirmed to be a good catalyst for the conversion of CO2 [22] [23] [24] . Iablokov et al. [22] found that the catalytic activity for the hydrogenation of CO2 increases with the size of these Co nanoparticles from 3 to 10 nm. It confirmed the catalytic activity of Co nanoparticle catalysts for the hydrogenation of CO2 is size-dependent. As mentioned above, Co nanoclusters could be promising for the dissociation of CO2 to CO, and thus further studies are still necessary.
Recently, theoretical studies based on density functional theory (DFT) [25, 26] have been used to investigate the adsorption and dissociation mechanism of CO2 on cobalt surfaces. For example, Fierro et al. [15] found the evidence for spontaneous activation of CO2 on cobalt surfaces using DFT calculations. The molecule structure of CO2 adsorbed on Co (100) and Co (110) surfaces is highly distorted, which means that the adsorbed CO2 molecule can be activated spontaneously. Moreover, the size-dependent catalytic activities for the hydrogenation of CO2 [22] and the dissociation of CO [27] on Co nanoparticles have been studied experimentally. Thus, a full understanding on the size-dependent adsorption and catalytic properties of small Co nanoclusters by DFT calculations will be of fundamental interest for the design and application of these metal nanoclusters as catalysts [28] . However, to the best of our knowledge, there are still no theoretical studies focusing on the size-dependent adsorption and dissociation of CO2 to CO on Co nanoclusters.
In this work, the adsorption and dissociation properties of CO2 on size-selected Co13, Co38 and Co55 nanoclusters were investigated by using spin-polarized density functional theory calculations. The Co13, Co38 and Co55 nanoclusters were identified as the most stable structures with high symmetry in the range from Co2 to Co58 based on the Gupta potential. The size-dependent adsorption of CO2, CO and O and dissociation of CO2 on Co13, Co38 and Co55 nanoclusters were discussed. The density of states and charge density difference were calculated to understand the detailed adsorption and dissociation properties of CO2 on these nanoclusters.
Calculation Details
Initially, the lowest-energy atomic ordering of Con (n = 2 to 58) nanoclusters was obtained by global optimization [29] at the Gupta empirical potential level, and then was subjected to DFT relaxation. The resulting configurations were used to study the adsorption and dissociation properties of CO2.
Global optimization was performed using the Birmingham cluster genetic algorithm (BCGA) based on the Gupta potential [30, 31] . This method was well documented in the previous work [32] [33] [34] [35] and was found to be effective to obtain the equilibrium structures of metal nanoclusters [36] [37] [38] [39] . The genetic algorithm (GA) is a population-based search technique in global structural optimization [40] . It is based on principles of natural evolution, using operators which have analogues in the theory of biological evolution, such as mating, mutation, and natural selection. It explores many different solutions simultaneously and each investigation reveals information about a different region of the surface. BCGA acts on the phenotype (i.e., the 3D cluster structure) rather than the genotype (encoded coordinates) [41, 42] . 6 The interaction between metal Co atoms was semi-empirically modeled based on the well-established Gupta potential. It is noted that Gupta potential has been successfully used to model the structures of Co-based nanoclusters [43, 44] . The Gupta potential parameters for Co nanoclusters used in this study were taken from the literature [43] , as listed in Table 1 .
Spin-polarized DFT calculations were performed by using Quantum Espresso package [45] , Plane-Wave Self-Consistent Field (PWscf). The
Perdew-Burke-Ernzerhof (PBE) xc-functional [46] and ultrasoft pseudopotentials [47] were used. The wave functions and the charge density were expanded with kinetic cutoffs of 40 and 400 Ry, respectively. The first Brillouin zone was sampled at the gamma-point, and the electronic levels were broadened with a marzari-vanderbilt smearing of about 0.02 Ry. The cluster was located in a 30 × 30 × 30 Bohr cubic supercell. The total energy is converged to within 10 -6 Ry.
We calculated the adsorption energies according to the equation:
where E total , E cluster and E adsorbate correspond to the energies of adsorbed species on the Co nanoclusters, the bare Co nanoclusters, and the adsorbates, respectively.
So the adsorption energies should be negative for stable adsorption modes. The more negative the adsorption energy is, the stronger the adsorption is. The van der Waals (vdW) corrections are found to make a minor difference, which are not included [48, 49] .
Charge density difference of the CO2 on these Co nanoclusters was calculated based on the equation:
where 2 +cluster , cluster and 2 correspond to the charge density of the CO2 adsorbed on these nanoclusters, the bare Co nanoclusters, and the free CO2, respectively.
The transition states of the dissociation of CO2 on these Co nanoclusters were located by the climbing image nudge elastic band (CI-NEB) method [50] , and the profiles of potential-energy surfaces (PES) were constructed accordingly. The number of images was set as seven, and the first and the last images were fixed according to the results of adsorption.
Results and Discussion

Structures of Co nanoclusters
The lowest energy structures for Con (n = 2 to 58) nanoclusters were predicted from Gupta potential and re-optimized by DFT relaxation. The resulting structures by GA and DFT calculations were then analyzed by comparing the average binding energy per atom, E binding , for an n-atom cluster, which is defined as
where En is the energy of Con (n = 2 to 58) nanoclusters, and E1 is the energy of one free Co atom. Fig. 1a shows the average binding energies per atom Ebinding of Con (n = 2 to 58) nanoclusters by both GA and DFT calculations. It is found that Ebinding increases with the number of atoms as expected for these Co nanoclusters. The same tendency showed in the Ebinding results using two different methods of GA and DFT proves the validity of our calculations. The binding energy curves can be roughly divided into three regions by both methods: n ≤ 6 where the binding energy increases rapidly as the cluster size increases, 6 < n < 22 where the binding energy increases moderately, and n ≥ 22 where the binding energy increases slowly. On the other hand, it is worth noting that the average binding energy versus n shows mild discontinuities at n = 13 and 55 in the GA curve. Notably, icosahedral shells are filled completely at n = 13, 55… and so forth, indicating that 13-atom and 55-atom nanoclusters possess highly symmetrical icosahedral configurations.
The relative stability of nanoclusters can be picked out by the fragmentation energy and the second difference in energy [51] . The fragmentation energy, ΔE n,m , needed to dissociate a neutral n-atom nanocluster into m-atom and (n-m)-atom nanoclusters, is given by
where E m , E n-m and E n are the total energies of the nanoclusters with m, n-m and n atoms, respectively. It is found that for the fragmentation of the neutral clusters, the most dominant channel is the evaporation of one atom from the cluster. The fragmentation energies for the energetically most favorable channels obtained from Eq. 4 are displayed in Fig. 1b (below, ΔE n ). Clusters with a large fragmentation energies should be more stable. As we can see from Fig. 1b , the relatively stable isomers are found to be n = 13, 38, 52, 54 and 55.
The second difference in energy can also classify the relative stability of the clusters. It is defined as
where n is the number of Co atom. Maxima in Δ 2 E n indicate the relative stable structrues. Both the energy differnces, ΔE n and Δ 2 E n , were calculated at empirical (Gupta) level. In Fig. 1b The magnetization properties of these Co nanoclusters were also studied by DFT calculations, as shown in Fig. 1c . The total magnetization per atom of Co nanoclusters converge to the instrinsic magnetization of the bulk Co, 1.7 B/atom [52] , as the number of atoms increases. More specifically, the total magnetization per atom decreases sharply as the size of the nanoclusters increases when n ≤ 6, it shakes between 1.7 and 1.9 B/atom when 7 < n <16, and it becomes realatively stable around 1.75 B/atom when n ≥ 16.
Adsorption of CO2, CO and O on size-selected Co nanoclusters
In this part, we discuss the adsorption of CO2, CO and O on size-selected Co13,
Co38 and Co55 nanoclusters. The configurations of Co13, Co38 and Co55 nanoclusters are depicted in Fig. 1b , and high symmetry adsorption sites of these nanoclusters are depicted in Fig. 2 . As we can see, both Co13 and Co55 nanoclusters exhibit icosahedral (Ico) structures, while the Co38 nanocluster has a tetrakaidecahedral [28] structure with eight equivalent hexagonal fcc (111) In order to get insights into the electronic states of the Co nanoclusters with the adsorption of CO2, the electronic state of CO2 adsorbed on Co38 nanocluster is plotted in Fig. 6a , corresponding to the single peak at -1.55 eV of the PDOS plot in Fig. 5b . The electronic states of CO2 adsorbed on Co55 nanocluster shown in Fig. 6b and 6c corresponds to the two peaks at -1.65 eV and -1.26 eV, respectively. As shown in Fig. 6a , the electronic clouds could be found equally distributed all over the Co nanocluster. However, for the Co55 nanocluster, one electronic state hold the electronic clouds mainly distributing around the Co atoms near CO2 molecule (labeled in red in Fig. 6b ) and the other hold the electron clouds around the symmetric surface Co atoms (labeled in red in Fig. 6c ). As a result, there is only one high peak in the PDOSs of Co38 nanocluster with the adsorption of CO2, instead there are two relatively weak peaks in the PDOSs of Co55 nanocluster with the adsorption of CO2. Therefore, the adsorption strength of CO2 adsorbed on Co38 and
Co55 was different although they transferred same amount charges.
Dissociation of CO2 on size-selected Co nanoclusters
In the CI-NEB calculations, the first and the last images for the dissociation reaction should be verified beforehand. 
Figure Captions
